Low temperature microsensors are designed for cryogenic applications. As a material for the sensors we use heavily doped compensated Ge films deposited on the semi-insulating GaAs substrates. We present the results of experimental and theoretical study of the low temperature resistance as a function of temperature and magnetic field for some models of temperature sensors. The computer simulations show a good agreement with experimental data.
INTRODUCTION
The design and fabrication of various low-temperature sensitive elements, including temperature and magnetic field sensors are based on transport properties of doped semiconductors at low and ultralow temperatures. The semiconductor sensors meet perfectly the major requirements to the instrumentation devices such as high stability and low sensitivity to radiation. Advances in the semiconductor film technology made possible the cost-effective sensor fabrication process.
It was shown that Ge/GaAs heterostructure can exhibite a wide range of electrical properties and may serve as a sensitive material to fabricate a number of various sensors [1] [2] [3] [4] . Ge films on GaAs substrates can be used as microsensors for measurements of low and ultra-low temperature [3, 4] . Fine tuning of the transport properties by a precise doping control allows us to fabricate many-purpose sensors: we use Ge films simultaneously doped with donors (Ga) and acceptors (As). The double doping varies independently the level of disorder and the free carrier density. The study of heavily doped and compensated semiconductors shows that their transport properties are mostly determined by Anderson localization and the electron-electron interaction mechanisms. Localization and interaction theories have been used to describe the conductivity as a function of temperature and magnetic field [5] [6] [7] . These theories are far to be completed, which makes it difficult to use them for computer simulations and fitting the experimental results.
CHARACTERISTICS OF Ge THERMOMETERS
Heavily doped and strongly compensated Ge films were obtained by thermal evaporation of Ge in vacuum on semi-insulating GaAs substrates. Some details of our technology were described elsewhere [1, 2] . Concentration of impurities (Ga and As) and structure defects in the Ge films essentially depend on the technology conditions of the heterostructure formation. For different technological procedures used, the impurity concentration in Ge films may vary from 10 17 to 10 21 cm -3 . One can obtain n-and p-films with different concentarion degree. The Ge film resistivity (carrier concetration) may vary from 10 -3 till 140 Ω cm (from 10 14 to 5×10 20 cm -3 ), depending on preparation conditions [1] . Both doping level and compensation degree in the films determine the temperature dependence of resistance. In some conditions a strong dependence on both temperature and magnetic field at ultralow temperatures can be obtained and used for temperature and magnetic field fabrication. region. Several types of Ge-film thermometers have been developed [3, 4] . The temperature behavior of the resistance for commercially available Ge thermometers is shown in Fig. 1 . The thermometers (TTR-D model [3] ) offer a wide temperature range for operation (from 20 mK to F8.43.2 400 K), monotonic response over a wide temperature range, small size, and extremely fast response to the temperature changes. The analysis of temperature dependence of resistance show that at higher temperatures, T > 100 K, the thermal activation mechanism of conductivity dominates, whereas at low temperatures the conductivity is mainly determined by the hopping between localized states. Here we present the results for Ge films used for ultralow-temperature resistance thermometers. The magnetoresistance of such thermometers (TTR-D model) at different temperatures is shown in Figs. 2 and 3 . At T > 0.5 K the magnetoresistance is relatively small and positive over the whole range of applied magnetic field. At lower temperatures the magnetoresistance is negative. At T < 0.3 K, the giant negative magnetoresistance, up to 100%, is observed in such Ge films. This magnetoresistance saturates for the fields above 1 T. It should be emphasized that by varying the technological conditions, the magnitude of magnetoresistance can be substansially decreased in the low-temperature region.
THEORY OF LOW TEMPERATURE CONDUCTIVITY
To explain our experimental results we analyzed available theoretical models of conductivity and magnetoconductivity in heavily doped compensated semiconductor films. The main theoretical activity is focused on weak localization [5] [6] [7] , variable-range hopping [8, 9] , and the scaling theory of localization [10, 11] . It is worth noting that only the weak localization theory results in exact equations, whereas the other theoretical approaches are mostly phenomenological and contain some parameters, which can not be evaluated with sufficient accuracy.
The mechanism responsible for conductivity at low temperatures is the variable range hopping. The negative magnetoresistance at T < 0.5 K can be attributed to the quantum correction mechanism -suppression of the interference of hopping trajectories by a magnetic field [5, 6, 11] . This explains the dependence of the negative magnetoresistance on temperature (quantum correction increases when T decreases) and also saturation of a magnetoresistance at H > 1 T (this field is enough to fully suppress the quantum correction) [5, 6] . For modeling we used a combination of two approaches: the scaling theory of localization and variable-range hopping suitable to describe the conductivity and magnetoconductivity in the vicinity of the mobility edge [12] . In order to estimate phenomenological parameters of the variable-range hopping approach we have to use the weak localization theory, which contains the information about electronic states above and below the mobility edge. Our choice of the theoretical approach has been justified by the fact that Ge films were heavily doped and compensated with Ga and As impurities, that makes adequate the assumption of quasicontinuous spectrum of impurity states merging the valence and conductivity bands.
We have calculated the mobility edge in the conduction band of n-type Ge. To find the position of the mobility edge (parameter in the hopping theory), we used the weak localization theory. It allows calculating the dependence of mobility edge on a magnetic field ) (H c ε . This dependence is at the origin of the negative magnetoresistance caused by suppression of quantum localization correction in a magnetic field. The calculated mobility edge ) (H c ε (measured from the bottom of the conduction band in n-Ge) for different magnetic fields, is shown in Fig. 4 .
We used the Shklovski-Efros formula for the variable-range hopping conductivity below the mobility edge when Coulomb interaction is present [9] :
, a(H) is the radius of localized state, ε 0 is the dielectric susceptibility, and k B is the Boltzmann constant. We assume the radius of the localized state near the mobility edge proportional to the localization length
, where
depends on electron energy ε in accordance with scaling law, and ν is the scaling exponent of the localization length. The coefficient α accounts for a decrease in the radius of localized state at higher magnetic fields. This effect is responsible for the positive magnetoresistance in impurity bands (magnetic freezing effect).
The mobility edge in the scaling region depends on a magnetic field as given below [11] :
where ( )
is the magnetic length. We used 3D localization theory (film thickness is about 1.5 µ m), for which the mobility edge exists. In the weak localization regime (Fermi energy much higher than the mobility edge), the corrections to conductivity are described by effectively 2D theory at T < 0.2 K. However, by using the scaling formalism we can describe the conductivity in a close vicinity of the mobility edge, where the weak localization theory is not applicable.
MODELING
We have obtained the phenomenological parameters in the theory of variable-range hopping with e-e interactions matching them to the conductivity in the weak localization regime. The calculated resistivity vs temperature at different magnetic fields in p-Ge with the hole density In our approach the suppression is controlled by a variable position of the mobility edge in a magnetic field. The positive magnetoresistance is also included in our calculations as an effective squeezing of the localization length in a magnetic field. This effect is expected to prevail at higher magnetic fields. Since the negative magnetoresistance is suppressed by temperature, the small positive magnetoresistance dominates at higher temperatures. We also studied how magnetoresistance influences the sensitivity of the thermometer to a magnetic field. This influence is represented as a relative error in the measured temperature under magnetic field and shown in Fig. 6 . A narrow region of positive magnetoresistance at The results of our numerical calculations are in accordance with experimental data. However, some questions concerning magnetoresistance still remain. The experiments show that the negative magnetoresistance prevails only below 0.5 K. At the same time the weak localization theory predicts suppression of quantum corrections at temperatures higher than 0.5 K. The possible explanation is that the effect of temperature on the quantum corrections is stronger in close vicinity of mobility edge than that predicted by the weak localization theory.
CONCLUSIONS
The low-temperature conduction and magnetoresistance mechanisms of Ge-film used as sensitive material for thermometers of TTR-D type have been investigated. The analysis of temperature dependence of resistance shows the variable-range hopping behavior of conductivity at low temperatures. The theory of the variable range hopping in the vicinity of the mobility edge can explain transport properties of heavily doped and strongly compensated Ge films. The computer simulations show a good agreement with the observed thermometer characteristics and sensitivity to magnetic fields.
